We describe a reflection scheme that allows Bragg-spaced semiconductor quantum wells to be used to trap, store, and release light. We study the temporal and spectral distortion of delayed light pulses and show that this geometry allows multibit delays and offers a high degree of distortion compensation. © 2005 Optical Society of America OCIS codes: 190.5970, 320.7130. Photonic bandgap structures have become important tools for the deliberate control and manipulation of light. One class of photonic bandgap structures contains periodically spaced materials with optical resonances. Often referred to as resonant photonic bandgap structures (RPBGs), this class includes a semiconductor multiple-quantum-well (MQW) system where the Bragg frequency is chosen to be near the frequency of the quantum-well excitonic resonance (see, e.g., Refs. 1-4). Recently, there has been a great interest in slowlight phenomena (e.g., Refs. 5-14), which include the trapping, storing, and release of light. In previous work, 15 we have analyzed the stopping, storing, and release of light using a transmission scheme that is based on the manipulation of the photonic band structure of MQW Bragg structures. We found that sufficiently long MQW Bragg structures with small absorption losses allow for multibit light-pulse delays, but we considered releasing the light in only the forward direction (transmission geometry). In this geometry, the light pulses suffer considerable temporal distortion due to group velocity dispersion. In this Letter, we describe stopping, storing, and releasing light in the backward (or reflected) direction. We compare the distortions associated with this reflection geometry with those incurred in a transmission geometry, and we show that the reflection geometry allows for a high level of distortion compensation. In addition, we provide an estimate of the minimum length required for Bragg-spaced MQW structures and provide approximate expressions for the bandwidth-time delay product.
Photonic bandgap structures have become important tools for the deliberate control and manipulation of light. One class of photonic bandgap structures contains periodically spaced materials with optical resonances. Often referred to as resonant photonic bandgap structures (RPBGs), this class includes a semiconductor multiple-quantum-well (MQW) system where the Bragg frequency is chosen to be near the frequency of the quantum-well excitonic resonance (see, e.g., Refs. 1-4).
Recently, there has been a great interest in slowlight phenomena (e.g., Refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , which include the trapping, storing, and release of light. In previous work, 15 we have analyzed the stopping, storing, and release of light using a transmission scheme that is based on the manipulation of the photonic band structure of MQW Bragg structures. We found that sufficiently long MQW Bragg structures with small absorption losses allow for multibit light-pulse delays, but we considered releasing the light in only the forward direction (transmission geometry). In this geometry, the light pulses suffer considerable temporal distortion due to group velocity dispersion. In this Letter, we describe stopping, storing, and releasing light in the backward (or reflected) direction. We compare the distortions associated with this reflection geometry with those incurred in a transmission geometry, and we show that the reflection geometry allows for a high level of distortion compensation. In addition, we provide an estimate of the minimum length required for Bragg-spaced MQW structures and provide approximate expressions for the bandwidth-time delay product.
We note that related but conceptually more complicated schemes for optical delay in RPBGs have been proposed in atom-based systems 9 and coupled resonator optical waveguide structures. 12 These schemes are more complicated than ours because they involve more than one resonance in the spectral vicinity of the Bragg frequency. In Ref. 9 , a resonance that is split by an electromagnetically induced transparency (EIT) quantum coherence was spatially periodically modulated, while in Ref. 12 a classical analog of the EIT resonance was constructed from two resonators.
In contrast to a conventional nonresonant photonic crystal, where each bandgap is characterized by only the Bragg frequency B , the simplest RPBGs are characterized by two frequencies: B and x , where in our case x is the frequency of the excitonic absorption resonance (here we use the 1s heavy-hole exciton). In a nonresonant one-dimensional photonic crystal, a photonic bandgap exists around B , and the fundamental polariton bands are located above and below the bandgap. In contrast, in an RPBG with x close to B , we have an additional (relatively flat) band 16 between the two bandgaps adjacent to x and B . If x is close to but not exactly the same as B , one may say that this intermediate band (IB) opens a transmission window in the reflectivity stop band of such a structure. The band structure of the polariton modes is shown in Fig. 1 . The bandwidth of the IB is approximately given by ⌬ = ͉ B − x ͉. Our scheme for stopping, storing, and releasing light is based on closing and reopening this transmission window.
Before discussing the temporal distortion associated with the stopping, storing, and release process, we estimate the universal minimum length of a Bragg structure that is needed to hold the full length of a pulse that lies spectrally within the IB. This length will give us an estimate of the minimum number of ideal (lossless) quantum wells needed to trap the whole optical pulse. To do this, we extend our analysis of the IB presented in Ref. 15 . Assuming that ⌬ Ӷ ͱ ⌫ B Ӷ B , we find that the maximum group velocity of the IB modes is v m Ϸ 9 ͱ 2a / ͕16͓3͑⌫ / x ͔͒ 1/2 ͖⌬, where ⌫ is the radiative broadening of the exciton [see, e.g., Eq. (35) of Ref. 17] and a is the quantum-well spacing. We then consider a Gaussian pulse whose spectrum exhausts the full bandwidth of the IB (say, twice the spectral intensity FWHM equals ⌬) and whose temporal intensity FWHM is therefore T W =8 ln 2/⌬. For the total spatial extension of this pulse (=twice the spatial in-tensity FWHM) we obtain
This is a universal minimal length, depending on only the exciton oscillator strength and not on, e.g., the manipulable IB bandwidth. Using ⌫ / x = 1.8 ϫ 10 −5 (appropriate for GaAs), we find L min = 677a. We now turn to the actual stopping, storing, and releasing process and study the concomitant pulse distortion, using the same mathematical model as in Ref. 15 . We simulate the light-pulse propagation by using a transfer matrix method for the forward-and backward-traveling plane waves. We assume the quantum wells to be infinitely thin and the excitonic resonance to be a Lorentzian with a nonradiative (subscript NR) width ␥ NR that includes excitonic dephasing and possible inhomogeneous broadening of the exciton resonance. We furthermore ignore effects from higher lying exciton resonances. In this case the transfer matrices are also given by Eq. (29) in Ref. 17 . For practical reasons, we use a real-time formulation (with a time-dependent x ) of the transfer matrix method rather than the well-established frequency-domain formulation.
The basic stopping, storing, and release of light is achieved by opening and closing the transmission window provided by the IB through a parametric manipulation of x , which may be realized by using the AC Stark effect. For the following discussion of the principle of dispersive-distortion compensation in quantum-well Bragg structures, we assume an almost ideal structure with N = 1500, ␥ NR = 0, and an IB bandwidth ប⌬ = 0.2 meV. A detailed comparison between quasi-ideal and currently available structures, when used in transmission, is given in Ref. 15 . To reduce surface reflection, we have used an antireflection coating similar to what one would use for a simple dielectric slab with an effective refractive index of n eff = 180. 15 As for the stopping, storing, and release of a light pulse, we start with x B , where ប x = 1.4968 eV and ប B = 1.4970 eV. Hence, the IB [the middle line in Fig. 1(a) and solid line in Fig. 1(b) ] has a small (but finite) width of 0.2 meV, the group velocity is low (but also finite). The transmission window is open and the incident pulse (with T w = 30 ps, spectrally centered at 1.4969 eV, i.e., in the middle of the IB) is allowed to propagate into the sample. The group velocity dispersion and higher derivatives of the polariton dispersion curve can lead to significant pulse distortion.
The pulse is subsequently trapped by parametrically shifting the exciton frequency from its original value to coincide with the Bragg frequency, while the pulse is located within the sample. We assume this shift of the exciton frequency to be linear in time and to last 2.8 ps. This time-dependent variation of x is slow enough to be adiabatic, i.e., it will not create significant spectral components of the light pulse in polariton bands other than the IB. The shift of x causes the dispersion relation of the IB to completely flatten [dotted curve in Fig. 1(b) ], which closes the transmission window (i.e., the group velocity is zero) and traps the pulse located within the sample at the time of the shift.
After the desired delay time, the pulse can be released either in the forward or in the backward direction. To release the pulse in the backward direction, one shifts x above B by the same amount as it was originally below B . This shift exactly reverses the original curvature of the IB dispersion relation [dashed curve in Fig. 1(b) ], and therefore the group velocity as well as all higher derivatives of the polariton dispersion changes signs. Thus, the pulse propagates backward, and the distortion caused by the group velocity dispersion during its forward propagation into the sample is completely reversed as it exits. Reversibility is also mentioned in Ref. 12 , and references therein, but appears in our case in a system that contains only one optical resonance per unit cell. The numerical results in Fig. 2 show the delayed pulse that exits the sample through the same surface as it entered, traveling in the opposite direction. This pulse exhibits negligible distortion, independent of the stopping time. Apart from an overall shift of the spectral intensity, there is no spectral distortion, as indicated by the linear phase in Fig. 2(b) .
This behavior is to be contrasted with the distortion of a pulse released in the forward direction, which is effected by shifting x to its original value, 15 thereby restoring the dispersion relation of the IB to its original shape [solid curve in Fig. 1(b) ]. The group velocity is again finite and positive, and the pulse is released in the forward direction. The delayed pulses are shown for two different (nonzero) stopping times in Fig. 2(a) . We note that the shape of the delayed pulse, independent of the stopping time, is the same as that of the unstopped transmitted pulse. However, due to the group velocity dispersion, the temporal shape and spectral phase of the transmitted pulses exhibit significant distortions (Fig. 2) . We finally note that for a pulse train, the first pulse in is the first pulse out in transmission geometry, while in reflection geometry the order is reversed.
The results presented here demonstrate only the basic principles of distortion compensation of delayed pulses, since the analysis is restricted to quasi-ideal quantum-well Bragg structures. In currently available structures, the pulse delay will result in a decrease of the total energy of the delayed pulse (or, if only part of the pulse is delayed, the energy of that portion of the pulse), which can be due to (i) exciton dephasing leading to absorption, (ii) insufficient length of the structure, and (or) (iii) deviations from strictly adiabatic switching of the exciton resonance (i.e., generation of frequency components outside the IB).
In summary, we have shown that a resonant photonic bandgap structure consisting of a MQW Bragg structure can delay optical pulses by several pulse widths, while automatically compensating for pulse deformation if operated in the reflection geometry; however, it exhibits significant temporal dispersionrelated pulse deformation in a transmission geometry. While our analysis focused on the principle of distortionless pulse delay in quasi-ideal MQW Bragg structures, the information gained from this analysis could point the way to the development of all-optical delay lines without temporal pulse deformation in this or other formally equivalent resonant photonic bandgap structures. Fig. 2. (a) Time dependence of the output pulse intensity I͑t͒ϳ͉E͑t͉͒ 2 normalized to the peak input pulse intensity I 0 in reflection (R1, R2) and transmission (T0, T1, T2) geometry, for 1500 quantum wells. The stopping time is 0, 50, and 190 ps for the dashed-dotted, solid, and dashed curves, respectively. The input pulse is the dotted curve. (b) Spectral intensity ͑I͒ and phase ͑͒ for the unstopped output pulse T0, dashed curves, and the 50 ps pulse R1, solid curves. The input pulse has a spectral intensity that is indistinguishable from the dashed curve, and zero phase for all frequencies.
